Abstract The tumor necrosis factor (TNF) receptors and their corresponding cytokine ligands have been implicated in many aspects of the biology of immune functions. TNF receptors have key roles during various stages of T cell homeostasis. Many of them can co-stimulate lymphocyte proliferation and cytokine production. Additionally, several TNF cytokines can regulate T cell differentiation, including promoting Th1, Th2, Th17, and more recently the newly described Th9 subset. Four TNF family cytokines have been identified as regulators for IL-9 production by T cells. OX40L, TL1A, and GITRL can promote Th9 formation but can also divert iTreg into Th9, while 4-1BBL seems to inhibit IL-9 production from iTreg and has not been studied for its ability to promote Th9 generation. Regulation of IL-9 production by TNF family cytokines has repercussions in vivo, including enhancement of antitumor immunity and immunopathology in allergic lung and ocular inflammation. Regulating T cell production of IL-9 through blockade or agonism of TNF family cytokine receptors may be a therapeutic strategy for autoimmune and allergic diseases and in tumor.
The tumor necrosis factor cytokine superfamily
The 19 cytokines in the tumor necrosis factor (TNF) superfamily cytokines can widely influence the biological function of both innate and adaptive immune cells. TNF cytokines are trimeric molecules [1] originally produced as type-II transmembrane proteins, but can be cleaved off the plasma membrane by metalloproteinases [2] [3] [4] [5] . Binding of TNF cytokines to receptors causes receptor oligomerization, promoting the binding of adaptor molecules that in turn recruit signaling complexes which activate NF-κB, AKT, and MAP kinase signaling pathways. The downstream effects of these interactions induce cell proliferation and differentiation or the activation of caspases, leading to programmed cell death (Fig. 1) .
The family of intracellular proteins that serve as adaptors for TNF receptor signaling was first discovered by their interaction with TNF receptors, hence their name, tumor necrosis factor receptor (TNFR)-associated factors (TRAFs). However, they have since been implicated in signaling through other types of receptors such as Toll-like receptors (TLRs [6] ) and other families of cytokine receptors [7] [8] [9] [10] . Six TRAFs (TRAF1-6 [11] [12] [13] [14] [15] ) have been identified so far in mammals, while the description of a seven member (TRAF7 [16] ) has been disputed due to the lack of the TRAF homology domain that define them. They share a conserved C-terminal homology region that binds to consensus sequences in the cytoplasmic tail of receptors or other signaling molecules [14, 17] . The adaptor molecules connecting the downstream receptor signaling largely define the signaling potential of TNF receptors. TRAFs are directly associated with the vast majority of TNF receptors and are required for activation of MAPK and NF-κB signaling [17] . NF-κB can be activated by two distinct molecular mechanisms, the canonical pathway, or the non-canonical pathway [18, 19] . The canonical pathway utilizes the inducible degradation of the inhibitory molecules This article is a contribution to the special issue on Th9 Cells in Immunity and Immunopathological Diseases -Guest Editors Mark Kaplan and Markus Neurath such as IkBα, which liberates the p65 subunit of NF-κB to translocate to the nucleus, while the non-canonical pathway activates the processing of the p100/RelB subunit of NF-κB into the active p52 form [20] . Two other groups of adaptor molecules, FAS-associated protein with death domain (FADD [21] ) and TNFRSF1A-associated via death domain (TRADD [22] ), bind the so called death receptor (FAS, TRAIL-R's) or dual signaling receptors (TNFR1, DR3), respectively. Notably, TRAFs can also interact with TRADD during TNFR1 signaling [23] . Recently, a new concept has emerged suggesting that some TRAFs, such as TRAF2 and TRAF6, can modulate lymphocyte activation upon T-cell receptor (TCR) engagement through activation of the PI3K-Akt pathway [24] [25] [26] [27] [28] .
The role of tumor necrosis factors in T cell co-stimulation Activation of T cells upon TCR engagement is rapidly followed by co-stimulatory signaling through CD28-B7 interactions. It has been found that some particular members of the TNFR superfamily emerge as key components to subsequently propagate crucial signals towards survival, proliferation, and differentiation after initial T cell activation. TNF receptors have been involved in various aspect of T cell homeostasis, including a number of them that can provide potent costimulatory signal to activate lymphocytes [29] [30] [31] . While some members of the TNF receptors are constitutively expressed, others are strongly upregulated upon T cell activation through TCR. For example, CD27, OX40, 4-1BB, HVEM, CD30, DR3, and glucocorticoid-induced tumor necrosis factor receptor-related protein (GITR) positively regulate the survival, differentiation, proliferation, and function of CD4 + and CD8 + T cells during immune activation [30, 32] . This list is likely to grow in the future, with recent studies redefining some of the functions that were initially ascribed to certain TNF receptors. For example, FAS, a very wellstudied TNF receptor, has been predominantly studied for its role in cell death due to its intracellular death domain portion [33] [34] [35] . However, several studies have recently shown that FAS can take part in non-apoptotic functions such as T cell differentiation [36] . In this context, the FAS-controlled T cell differentiation had substantial impact on the efficacy of adoptive tumor immunotherapy [37] .
TNF family cytokine co-stimulation in Th9 development
Since the discovery that IL-4 in combination with TGFβ can promote differentiation of T cells secreting IL-9 Fig. 1 TNF receptor superfamily. The receptors that signal through TRAFs can activate NF-kB which will translocate to the nucleus to induce gene expression; they are involved in functions such as osteoclast activation, lymphoid organ formation, or lymphocyte costimulation. The receptors that signal through TRADD can function as co-stimulators and/or induce inflammation, but they can also recruit FADD and induce apoptosis. The receptors that interact with FADD induce apoptosis, and Fas can also potentiate effector memory T cell differentiation under some circumstances in vitro [38] , a large number of molecules have been identified as being capable of promoting Th9 generation, including the cytokines IL-25 [39] , TSLP [40] , IL-33 [41] , IL-1, IL-6, Type I IFN, IL-10, IL-21 [42] , calcinotide peptide (calcitonin gene-related peptide [43] ), cell-fate lineage factors (Jagged-2 [44] ), and Tec kinase (itk [45] ) as well as members of the TNF superfamily (OX40L [46] , GITR ligand (GITRL) [47, 48] , TL1A [49] ). Other factors such as prostaglandins (cyclooxygenase-2 [50] ), the B7-family member (PDL-2 [51] ), or the active form of Vitamin D (1,25-dihidroxyvitamin D3 [52] ) have an inhibitory effect on Th9 formation. Here, we will focus on the TNF family cytokines that were recently identified as effective regulators of Th9 cell generation and discuss their mechanisms of action and implications for host defense and pathological immune responses. Although these cytokines use diverse signaling pathways to regulate the development and function of IL-9-producing T cells, they still require TGFβ in combination with either IL-2/signal transducer and activator of transcription (STAT)5 or IL-4/STAT6 in order to carry out these effects.
OX40-OX40L
In 2012, Xiao et al. reported that OX40L (TNFSF4), a member of the TNF family, can promote the generation of IL-9-producing cells [46] . Stimulation of the OX40-OX40L pathway during in vitro Th9 polarization with TGFβ and IL-4 by adding either antigen-presenting cell (APC) expressing OX40L or an agonist monoclonal antibody to OX40 dramatically increased the amount of IL-9-producing T cells while downregulating FoxP3 and IL-17 under iTreg and Th17 polarizing conditions, respectively [46] . OX40 ligation did not alter Smad2/3 phosphorylation, the downstream elements of the TGFβ signaling pathway. Notably, OX40 ligation also did not affect the phosphorylated status of STAT3, STAT5, and STAT6 or the expression of IL-2Rα and IL-4Rα, suggesting that neither the IL-2/STAT5 nor the TGFβ/IL-4 combined axis, which are crucial for Th9 generations, was affected by OX40 ligation [46] . The extent of the OX40 enhancement of Th9 polarization was even more potent when using an antigen-specific T cell activation system rather than polyclonal activation. The absence of any IL-9 enhancement by OX40L stimulation in OX40 deficient T cells indicates that it is carried out specifically through the OX40-OX40L pathway [46] . Interestingly, the promotion of Th9 through OX40 signaling is independent of PU.1, a key transcriptional regulator for the induction of Th9 [46] . Similar to other TNF receptors, the downstream signaling of OX40 is through TRAF adaptor molecules, which in turn activate the NF-κB transcription factor complex and a wide array of downstream biological functions [53] . TRAF6 is a member of the TRAFs that is crucial for NF-κB activation by OX40. Interestingly, while OX40 ligation can transiently activate the canonical NF-κB pathway, the non-canonical pathway through p52/ RelB was shown to play a key role for the Th9 induction by OX40L through TRAF6 [46] . In T cells with a mutation repressing the canonical NF-κB pathway, OX40 costimulation could still increase the differentiation of IL-9-producing cells. However, mice lacking the non-canonical NFκ-B subunit p52 were unresponsive to OX40L. In addition, one of the key steps in the p52/RelB pathway, the processing of p100 into p52 by NIK [20] , was also required for OX40-mediated enhancement of IL-9 production [46] . These results suggest that while both NFκ-B pathways are activated by OX40, the non-canonical pathway is favored for potentiation of Th9 differentiation.
This observation was shown to have in vivo relevance, as OX40L transgenic mice have expanded Th9 cells present in their lungs, accompanied by spontaneous pulmonary inflammation with peribronchioloar infiltrates and increased mucinproducing goblet cells [46] . Likewise, triggering OX40 signaling pathway through an agonistic antibody in wild-type mice had similar effect that was abrogated in IL-9 deficient mice [46] . Mice lacking OX40 were resistant to lung pathology after sensitization and challenge with ovalbumin, although this may be due to deficiencies in the development of other T cell subsets such as Th2, whose differentiation is also OX40 dependent [54] .
DR3-TL1A
The TNF cytokine TL1A (TNFSF15), which was previously found to promote allergic disease through enhancing Th2 responses [55, 56] , was more recently found to promote Th9 polarization [49] . This was discovered when under iTreg conditions (TGFβ and IL-2), TL1A strongly repressed the generation of FoxP3 expressing iTreg. Interestingly, the decline in FoxP3 + T cells was mirrored by an increase in IL-9-producing cells, especially in the presence of APC, effectively diverting iTreg into Th9 [49] . When added to T cells cultured under conditions known to favor Th9 generation (TGFβ and IL-4), TL1A even more dramatically enhanced the generation of Th9 and curtailed the amount of TGFβ required to promote Th9 generation [49] . Th9, Th17, and iTreg cells, which require TGFβ for their differentiation, have the highest levels of DR3 (TNFRSF25), the receptor for TL1A compared to the other effector subsets, indicating that TGFβ might help to enhance responsiveness to TL1A in particular subsets [49] . Ultimately, DR3 expression on activated lymphocytes is downregulated by its ligand [56] , indicating a tightly controlled feedback loop. Although DR3-deficient T cells could still be driven to differentiate into Th9 by TGFβ and IL-4, they were unresponsive to the enhancement of Th9 differentiation by TL1A [49] .
TL1A enhances production of a number of cytokines from activated T cells [49, [56] [57] [58] [59] [60] [61] [62] , which could indirectly contribute to the enhancement of IL-9 production through autocrine signaling. Many cytokines regulate T cell differentiation through the JAK/STAT signaling pathway [63, 64] . Interestingly, even though TL1A enhanced IRF4 accessibility for the IL-9 promoter, its ability to enhance IL-9 production was not through the TGFβ and the STAT6-mediated IL-4 axis, one of the important signaling pathways required for conventional Th9 formation [49] . Rather, TL1A potentiated IL-9 secretion through the other pivotal pathway identified for Th9 polarization, STAT5-mediated activation through IL-2. An intact IL-2 signaling pathway is not sufficient, as T cells must receive a direct signal through DR3 in order to respond to TL1A with enhanced IL-9 production [49] . Unlike OX40L, the mechanism by which TL1A promotes IL-9 production was not dependent on TRAF6 signaling. Rather, DR3 which, like TNFR1, signals through TRADD and TRAF2 [65] might follow a similar mechanism of other TNFR utilizing TRAF2 to induce PI3K activity and Akt activation. However, this has not been investigated. Like OX40L, lack of the transcription factor PU.1 did not affect TL1A induction of IL-9 production, which was also consistent with the fact that TL1A did not influence PU.1 binding to the IL-9 promoter [49] .
In vivo, TL1A not only markedly increased antigenspecific driven ocular inflammation but was also able to enhance Th9 driven pathology when injected directly into the eye. TL1A had a similar impact on Th9-driven lung inflammation [49] . Thus, TL1A not only drives expansion of Th9 cells but also intensifies their pathogenicity. Importantly, endogenous DR3 on T cells was required for optimal Th9 function in vivo, as generation of Th9 and maintenance of IL9 expression by antigen-specific T cells was impaired in T cells from DR3 deficient mice [49] . It should be noted that in addition to promoting Th9 differentiation, TL1A also promotes production of pro-allergic effector cytokines, including IL-9, from group 2 innate lymphoid cells, which can promote allergic immunopathology in animal models independently of T or B cells [58, 66, 67] . Thus, TL1A appears to coordinately promote allergic response in both innate and adaptive immune cells.
GITR-GITRL
Two recent studies have reported that the glucocorticoidinduced tumor necrosis factor receptor-related protein (GITR), the TNF superfamily co-stimulatory receptor for GITRL (TNFSF18), can also promote Il-9 production by T cells [47, 48] . GITR expression was similar among the T cell effector subsets, but the addition of an agonist antibody to GITR (DTA-1) substantially increased Th2 and Th9 cytokines while inhibiting only modestly Th1 and Th17 cytokines as well as Foxp3 expression in iTreg [47] . Notably, the IL-9 co-stimulation by GITR ligation was even more pronounced when using cognate antigen and APC [48] , a phenomenon that was also seen with OX40L and TL1A. GITR ligation not only co-stimulates IL-9-producing cells under Th9 conditions but can also divert iTreg to produce IL-9 while reducing FoxP3 expression [47, 48] , in a similar manner to TL1A and OX40L. Similar to OX40 ligation, GITR ligation did not alter SMADs or STAT5 under iTreg [48] . GITR costimulation to promote Th9 differentiation also required TRAF6 and STAT6 but not BATF and PU.1 [47, 48] . GITR ligation strongly activates the expression of the NF-κB molecules contributing to both canonical and non-canonical pathways and enhances their translocation to the nucleus but in contrast to OX40, is dependent on the canonical NF-κB pathway [47] . GITR ligation affected chromatin remodeling, altering histone modification at the FoxP3 and IL-9 promoters. Interestingly, the IL-9 promoter also contains FoxP3 binding sites, with FoxP3 sites highly enriched under iTreg condition and repressed when IL-9 gene expression is induced, suggesting a reciprocal induction of iTreg and Th9. Notably, GITR was unable to enhance Th9 differentiation or recruit p300 to the IL-9 loci in STAT6 deficient T cells [48] . Furthermore, IL-4 signaling is required for optimal Th9 generation; however, the autocrine elevation of IL-4 by GITR ligation is not responsible for the enhancement of IL-9 [47] . This is also consistent with the fact that GITR ligation is able to induce IL-9 production under in vitro polarization lacking exogenous IL-4 such as iTreg. Stimulating GITR signaling pathway on either iTreg or Th9 had significant impact in vivo. Adoptively transferred antigen-specific Treg were able to control tumors in a B16 melanoma model when DTA-1 anti-GITR agonistic antibodies were added due to their capacity to secrete IL-9. Furthermore, while GITR ligation also enhanced Th2 responses and Th2 had antitumor activity in this model, Th9 were superior. Th9 cells differentiated in the presence of GITR co-stimulation also improved tumor regression better than the conventional Th9. Notably, DTA-1 not only altered Th9 function but also influenced tumor-specific CTL responses. Therefore, stimulating the GITR signaling pathway has tremendous effects on regulatory and effector cells as well as other immune subsets in tumor immunity.
4-1BB-4-1BBL
Although 4-1BBL (TNFSF9) was the first member of the TNF superfamily to be found to influence IL-9 secretion by T cells, this study did not investigate how 4-1BB signaling influences Th9 formation molecular mechanism by which it works [68] . Rather, this study focused on the effects of 4-1BB on IL-9 production in Treg in a context of tumor immunity. 4-1BB agonistic antibodies reduced IL-9 production by Treg. Integrating TNF cytokines into Th9 biology and therapeutic implications As all of these studies on individual TNF family cytokines were carried out independently, it is difficult to compare the relative efficiency of each cytokine in promoting Th9 differentiation. To address this, we activated naïve CD4 + T cells under Th9 conditions (IL-4 and TGFβ) and compared the ability of 11 TNF family cytokines to promote Th9 differentiation in response to activation by CD3/CD28 antibodies with or without irradiated APC. As shown in Fig. 2, TL1A was most potent in enhancing Th9 differentiation, with OX40L next in potency. APC enhanced baseline and cytokine-induced Th9 generation as previously reported. Interestingly, in absence of APC, OX40L was not as effective in inducing Th9 compare to TL1A and TNF. Suggesting that OX40L costimulatory signal for enhancing IL-9-producing T cells requires additional components produced by APC and/or direct interactions in order to produce its effect. Under the conditions we used, neither GITRL or 4-1BBL enhanced Th9 differentiation, whereas FasL and TRAIL, two other TNF family cytokines not previously shown to enhance Th9 differentiation, were able to do this in the presence of APC.
Findings in the past 5 years have identified the TNF family cytokines TL1A, OX40L and GITRL as potent costimulators of Th9 differentiation. Although the exact molecular mechanisms by which each cytokine potentiates Th9 differentiation are distinct (Table 1) , there are commonalities, such as the ability of TNF family cytokines to divert regulatory T cells into Th9. In vivo, APC are the likely source of TNF co-stimulatory ligands, providing a mechanism where by signals which activate DC in certain ways may program them to enhance Th9 differentiation through expression of co-stimulatory TNF family cytokines. TLR and FcR engagement of myeloid cells induce the expression of many TNF family cytokines, but which signals program APC to do this in vivo remains to be identified. Along these lines, Zhao et al. recently showed that Dectin1, a lectin receptor which induces TL1A and OX40L expression in APC [69] , enhances Th9 differentiation in a manner partially dependent on these cytokines. Triggering TNF family receptors in vivo to enhance anti-tumor immunity through Th9 may be a promising avenue to improve the effectiveness of tumor immunotherapy, and conversely, blocking Th9-promoting cytokines may be therapeutic in diseases where immunopathology is mediated by T cells secreting IL-9.
